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The presence of isospin coupling in the incident channel has been studied via proton-induced
reactions on 95'9 Mo and @' Zr. Anomalous behavior in the excitation functions at backward
angles was observed in deuteron and proton outgoing channels. In the deuteron channels these
anomalies, located near the (p, n) threshold to the ground-state analog, were, for almost all
cases, similarly characterized by a double-dipped shape. Their strength is generally much
weaker than the single minima observed in {d,P) reactions near mass 90 and can be cate-
gorized by the proton decay energy from the analog state formed in the charge-exchange pro-
cess. The proton elastic excitation functions showed no structure near the (p, n) thresholds
although the (p,p') curves did exhibit fluctuations.

I. INTRODUCTION

The observation of charge-exchange effects in
single-nucleon-transfer reactions has been the
subject of considerable study in recent years.
Such effects were initially observed by Moore et
al. ' as an anomaly (dip or cusp) in the backward-
angle Zr(d, p) 'Zr(g. s.) excitation function, cen-
tered about the threshold energy of the (d, n) chan-
nel to the isobaric analog state (IAS) in "Nb. Simi-
lar isospin coupling effects have been observed in
many other nuclei, especially around A = 90. The
absence of such phenomena in other mass regions,
or in transitions to particular states in the mass-
90 region, has led to an understanding of the con-

ditions necessary for the observation of such anom-
olies' and the explanation of the effect as due to
coupling of the exit channel to the charge-exchange
channel.

While the majority of such observations has been
restricted to (d, p) reactions, charge-exchange ef-
fects have also been observed'' in the inverse
(p, d) reaction. In this case, under the assumption
of a charge-exchange process, there is coupling
between the proton-plus-target channel and the vir-
tual, neutron-plus-target analog channel. As illus-
trated in Fig. 1, the neutron in this latter channel
can pick up a proton from the IAS and form a deu-
teron, leaving the residual nucleus in its ground
state or in an excited state. The energy at which
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the charge-exchange channel opens is the (P, n)
threshold to the IAS of the target nucleus. Since
the coupling is in the entrance channel, anomalous
behavior would be expected in all outgoing chan-
nels. This paper describes a study of isospin cou-
pling in proton-induced reactions on several nu-
clei, for which evidence is presented for the ob-
servation of anomalies in several outgoing chan-
nels in the vicinity of the (p, n) threshold to the
IAS. The origins of and trends in such behavior
are discussed.

II. THEORETICAL BACKGROUND

With the inclusion of a charge-dependent term
t. ~ in the Schrodinger equation, the matrix ele-
ment for the (d, p) reaction can be written' (in the
zero-range approximation) as

Here the X l are solutions of the Lane equations,
X~' is the normal deuteron distorted wave, P„ is
the usual bound-state wave function, and Q~ is the
(propagating) wave function of a proton in the IAS.
A coupled-channel analysis with this reformulated
matrix element has been carried out by Coker and
Tamura' and Tamura and Watson' on some of the
Zr and Mo isotopes and has successfully fit the
general shape of the observed anomalies. The
partial-wave scattering matrix elements obtained
in these coupled-channel calculations show a
strong energy dependence in the neutron p wave
near the threshold. The responsibility of this fea-
ture for the anomaly appears understandable as
A =90 is in the region of the neutron p-wave
strength function. To observe isospin coupling in
this region, the deuteron energy should be near

the Coulomb barrier, as contributions from higher
partial waves would wash out the effect of the p-
wave resonances; this results in the condition'
that Q(d, P) ~-,'nc, Sc being the Coulomb-energy
difference.

Tables I and II list most of the (d, P) and (P, d)

reactions studied to date, with information as to
the qualitative "strength" of the anomaly observed,
the Q value of the reaction, and the energy avail-
able for proton decay from the IAS formed in the

(d, n) or (P, n) reaction (E;) Tr.ends are observ-
able in this data, as will be discussed further in
Secs. IV and V.

III. EXPERIMENTAL PROCEDURE
AND RESULTS

These experiments were performed with a pro-
ton beam from the University of %ashington FN
tandem Van de Graaff. The energy-analyzed beam
was focused into a 60-in. (diameter) scattering
chamber in which the target and detectors were
positioned. The beam entered the chamber through
a &&-in. collimator and ~-in. clean-up aperture. A
smaller aperture (~~ in. ), that could be remote-
ly inserted into the beam, allowed for easy focus-
ing of the beam on target at each energy of an ex-
citation function. The reaction products produced
in the (p, d), (p, t), and (p, p') reactions were de-
tected by a thermoelectrically cooled AE-E detec-
tor-telescope system. The energy signals were
amplified, fed to an ORTEC 423particle-identifier
unit, and then into an XDS 930 on-line computer
system. A two-parameter particle-identification
program was used to sort the pulses into energy
spectra of 1024 channels, corresponding to win-
dows set with a light pen for the different particle
peaks in the identifier spectrum. The targets used
were all self-supporting metal foils, ' of about 1
mg/cm'.

TABLE I. Charge-exchange investigations for the (d, p) reaction.

Tgt.

99Zr
"zr
9iz r
"zr
92zr
"zr
92Mo

"Mo
89'
52Cr
80Se
88Sr
"Ar

To state

d 5/2
0+
2+ {0.934)
4+ (1.49)
d S/2

d S/2

d 5/2

ds
2

P 3/2

P i/2
d 5/2

f 7/2

g(c,red'

6.89
5.42
6.35
6.91
7.31
7.43
6.61
7.14
6.88
2.68
5.72
6.74
2.71

4.98
6.42
5.49
4.93
4.50
4.24
5.83
5.15
4.67
5.72
4.59
4.55
3.88

4~C
1

2.98
2.96
2.96
2.96
2.95
2.92
3.11
3.07
2.89
2.10
2.58
2.82
1.65

4.70
3.20
4.13
4.69
5.09
5.20
4.30
4.83
4.65
0.46
3.60
4.90
0.49

Strength of
anomaly

Strong
Very weak
Weak
Strong
Strong
Strong
Weak
Strong
Weak
Weak
Very weak
Strong
Weak

References

1
14, 15
14, 15
14, 15

13
13
13
13
17
18
19
20
21
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(d, p)

'( )-
p n

EX.

Zr (d, p) 'Zr (g.s.)

der

~Q
l I

6 7 8
Ed (MeV)

(pP)

p+
p n

+d

FIG. 1. Pictorial diagram illustrating the effect of iso-
spin coupling in (d,p) and (p, d) reactions.

A. Mo+ p

Excit:ation functions for the reactions (P, d),
( p, I), and (p, p') were taken on '~ 98 "'Mo and

Zr at an angle of 160 or 165'. The reaction
"Mo+p was the first example studied and has been
reported in part previously. ' The "Mo target was
chosen because kinematics allowed observation of
outgoing deuterons to many excited states in "Mo,
and also A = 98 lies in the region of the peak of the
p-wave neutron strength function, as is the case of
the Zr isotopes used in (d, p) studies.

The "Mo+P excitation functions were taken at
165' with proton bombarding energies between 11.0
and 14.2 MeV. Figure 2 shows the cross sections
for the (P, d) reaction to the first three strongly
excited states in "Mo: the d„, ground state (d, ),
the g„, 0.667-MeV state (d, ) -actually a triplet of
states, and the d», 1.27-MeV state (d, ) The (p., n)

threshold is at the lab energy of 12.21 MeV (first
arrow in figure). In the 8Mo(p, do) reaction, defi-
nite structure is observed in the excitation function
at this threshold, with no other fluctuations of com-
parable size observed over the 3-MeV interval.
There is also some subthreshold structure which
can be characterized as a rise in the curve some
200 keV below threshold, with a flattening out or
dip at the threshold.

The (p, d, ) and (p, d, ) excitation functions also
show weak anomalous interference-like behavior
near the (p, n) threshold, appearing to be due to
charge-exchange effects in the entrance channel.
Although wiggles are seen in both of these chan-
nels at energies not connected with an apparent
threshold, the dips in the do and dy channels at
12.2 MeV have quite similar shapes with all three
curves displaying the common feature of a dip
about 200 keV below threshold. (The letters in the
figure label the anomalies as they will be com-
pared later. )

Charge-exchange effects of a somewhat more
complicated type can also be present at the (p, n)
threshold leading to the IAS of the 2+ first excited
state of ~Mo, located at 12.99 MeV (arrow). (This
corresponds to the threshold for quasi-inelastic
excitation of the vibrational 2+ state. ) In this re-
gion of the excitation functions, no cross-section
variations are apparent in the d, channel, but
there is evidence of cross-section fluctuations in
the d, and d, channels with double-dip shapes simi-
lar to those observed at the quasielastic threshold.
This characteristic shape and the 200-keV width
of the structure, in contrast to narrower wiggles
present elsewhere in the excitation function,
strongly suggest the presence of charge-exchange
effects at this energy. The data for these excita-
tion functions were reproduced in two different
runs. The energy resolution was about 15 keV
and the width I" of the nuclear states in this region
and at this energy in the compound nucleus (20-23
MeV) ha. s been measured to be less than 1 keV. '

This more complicated behavior is particularly
interesting in that it would occur through isospin

TABLE D. Charge-exchange investigations for the (p, d) reaction.

Tgt. To state @(c.m. )
P Qt'p, d) i

4&C References

Zr
'4Zr
"Zr
"Zr
'8Mo
"Mo
»Mo
~5Mo

'«Mo

d 5/2
d 5/2
d 5/2
0+

d 5/2

g 7/2 (0 .67)
d 3/2 (1.27)
0+

S i/2

11.61
11.69
11.78
11.89
12.14
12.14
12.14
12.29
12.06

—5.61
—6.00
-6.42
-4.98
-6.42
—7.09
—7.69
-5.15
—6.08

2.90
2.91
2.95
2.98
3.04
3.04
3.04
3.07
3.02

3.80
3.46
3.14
4.70
3.53
3.53
3.53
4 83
3.76

6.03
5.75
5.36
6.91
5.72
5.05
4 45
7.14
5.98

4
Present
Present

22
3
3
3

Present
Present
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FIG. 2. Mo(p, d) excitation functions at 165' to first
three strongly excited states in 97Mo. The arrows corre-
spond to (p, n) thresholds to the isobaric analogs of the
ground, 2" (0.78-MeV) and 2', 4+ (1.49-MeV) states of Mo.

FIG. 4. Excitation functions at 165 for elastic scatter-
ing and inelastic scattering from the first excited 2+ state
in ~~No. The arrows correspond to the (p, n) thresholds
as explained in Fig. 2.

coupling to a channel which is what we might call
"nonanalogous" to the incident channel, as for ex-
ample, the virtual, neutron-plus-"Tc "(2'}channel.
(The superscript A is used to denote the isobaric
analog of the target state in parenthesis, usually

I
y

I

dR (C)

20-

CO

~~
C

aI
O

~a

30-

30- 0
bCI 20—~ ~60'-

~
tt

~~I
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dp {o)
0

dg (e)

40-

50-

d) (d)

i444

Threshdd

EI,-Eq~ (MeV)

I I I I I I

-0.6 -0.4 -0.2 0 +02 +0.4 +0.6

FIG. 3. Portions of the 9 Mo(P, d) excitation curves with
(p, n) thresholds for the ground- and first-excited-state
analogs aligned. The letters (a) —(e) refer to the particu-
lar portions of the excitation curves as labeled in Fig. 2.

the ground state. ) From a spectroscopic view-
point this is the equivalent of protons bombarding
an excited target and would allow the study of
states in the residual nucleus which have the con-
figuration of a hole coupled to an excited state of
the target core. Such coupling to nonanalogous
channels can be explained by using a deformed
isospin potential with terms Y, of order at least
l=2. Such an effect is most likely to be observable
when the excited state of the target has a large
probability of collective excitation. At the thresh-
old (13.70 MeV) for quasi-inelastic scattering to
the IAS of the 2+, 4+ doublet jn Mo, there is no
clear evidence of charge-exchange effects.

Figure 3 shows portions of the (p, d) excitation
curves with the (p, n} thresholds for the ground
and first excited states aligned. The curves are
plotted as a function of energy from threshold in
order to illustrate some of the aforementioned
similarities in the different channels. These
shapes, as characterized by a double dip in the
cross section, differ markedly from the single-
minimum shapes observed previously in (d, p) re-
actions and calculated by Tamura and Watson. '

Figure 4 shows the proton elastic and inelastic
excitation functions on ~Mo. The elastic curve is
quite smooth, except for a small dip at 12.0 MeV.
In the excitation function for the ( p, p'} reaction to
the 2' state at 0.78 MeV in 'Mo there is some
structure in the vicinity of the (p, n) threshold.
The cross section increases by some 50@ about
400 keV below the threshold, decreasing smoothly
above. This structure does not appear to be at the
exact energies of the dips in the (p, d) curves but,
as we shall see later, similar behavior is evident
in the inelastic scattering for the other isotopes
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0.02—

Mo+ p
((25')

t.o

studied. In previous searches for the effect of the

(P, n) threshold upon proton elastic scattering, ex-
periments on "Zr and "Ca' and on "Fe, "Mn,
and 6' 'Cu' have yielded negative results. This
is in agreement with Tamura and %atson' who
showed that the anomaly in the (d, p) cases arises
from large effects in the neutron wave function,
in this case for the l= 1 partial wave. The proton
wave function is only slightly affected by the cou-
pling. As elastic proton scattering may be domi-
nated by Coulomb effects which include a large
number of partial waves and are not directly sen-
sitive to the coupling between the analog channels,
inelastic scattering may be a more sensitive test.
One might expect to see coupling effects in (P, P')
both at the (p, n) threshold to the ground state,
corresponding to charge exchange in the incident
channel, and possibly also at the ( p, n) threshold
to the excited-state analog, corresponding to an
exit-channel effect. There appears to be evidence
of the former case here.

Another possible interpretation of the observed
structure in the outgoing channels is that they are
due to the formation of compound-nuclear states
through the incident channel. A correlation of

fluctuations in several outgoing channels would in-
dicate they were compound nuclear in origin. One
such case is the formation of IAS resonances in
the entrance channel. " In this case such structure
would result from the excitation of an analog state
in "Tc. As the energy of a proton necessary to
reach an analog state is given by E~= 4~ —B„,
where B„is the binding energy of the neutron state
in ' Mo, this is the analog of a state in "Mo with
B„=O. Such fluctuations have been observed in
other nuclei (for example in "Zr4) although the
widths are typically much smaller than the 100-
200 keV observed in these experiments. However,
as pointed out in the preceding paragraph, no reso-
nance structure in the proton channel is apparent
here at the appropriate energies, thus reducing
the possibility of IAS resonances being responsible
for the structure observed in the 'IMo(p, d) curves.

Excitation functions for P+ ~No were also taken
at 125". These are shown in Fig. 5. The (P, do)
curve, over this limited energy range, is smooth
except for a slight inflection near the threshold,
similar to that for 165'. It was observed" in the
(d, P) excitation functions that the shape of the
anomaly remained the same but its strength be-
came much weaker at more-forward angles. This
appears to be the situation here. Figure 12, which
is displayed later, shows the curves of "Mo(p, d, )
at 165 and 125' together. One does not expect the
shape of IAS resonance effects to remain the same
with angle. The proton elastic and inelastic excita-
tion functions at 125' showed no structure in this
energy range.

I I I I J I I I I
I I I I I

I I I I I l I I I I
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FIG. 5. Excitation functions at 125 for Mo{p, d) to the
ground and first excited states in 9 Mo and for 98Mo(p, to)
to the ground state in 96Mo. The arrow denotes the (p, n)
threshold to the isobaric analog of the ground state.

600— t tt

I I I I I I » I I I I ~ I I I ~ I I I I I I I I

II»O I IS 12.0 I2.5 13D

Ep (Mev)

FIG. 6. ~ Mo(p, do) and {p,to) excitation functions at 160
to the ground states in 9Mo and Mo. The arrows corre-
spond to the {p,n) thresholds to the isobaric analogs of
the ground and 2+ (0.54 MeV) states of ' OMo.
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g IOOM

Figure 8 shows (p, do) and (p, to) excitation func-
tions at 160' for '~Mo between 11.2 and 13.3 MeV.
The (p, n) threshold is at E"~=12.17 MeV. Al-
though statistical fluctuations are present, the

(p, do) curve shows dips at the (p, n) threshold and

I I I I I

I I.O 0.2 04 0.6 0.8 I2.0 0.2 0 4 0 8

Ep(Mev)

I I I

0.8 I3.0 0.2

FIG. 9. Excitation functions at 165 for proton elastic
scattering and inelastic scattering to the 2+ first excited
state in 94Zr. The arrow denotes the (p, n) threshold to
the ground IAS.

C. Zr+ p

200 keV below, quite similar to the double-dip phe-
nomena in 'SMo(p, d). The inelastic scattering
curve (Fig. 7) shows structure below the (p, n)
threshold, although weaker than that for "Mo.
The elastic curve is quite smooth.

4O,O20

E

O.OI2-

o.ooe-

O.IO-

~zr(p. do}

The excitation function for this reaction was tak-
en at 165' over the energy range 11.0 to 13.3 MeV.
Only deuterons and tritons to the ground states of
"Zr and "Zr were strongly observed. Figure 8
shows the results up to 12.4 MeV. The (P, n)
threshold to the "Nb"(g.s.} is at E,"= 11.78 MeV.
There is little pronounced structure in both the

(p, d, ) and (p, t, ) curves, although there is a. dip
in the (p, d, ) curve several hundred keV below
threshold as in "Mo. In the (p, d, ) curve at the
12.V-MeV quasi-inelastic threshold to the 2' state
(0.93 MeV), there were no signs of possible non-
analogous channel coupling, as there appeared to
be for "Mo. The proton elastic scattering in this
energy region is quite smooth, although the (p, p')
cross section to the 2' state does change rapidly
below threshold as seen in Fig. 9.

D. Other Nuclei

0.09 y

I I I I I I l

I lg I I.2 I IA I I.S II.8 l2A) I2.2 l2.4

Ep (MeV)

FIG. 8. +Zr(p, dp) and +Zr(p, tp) excitation functions at
165 to the ground states in 93Zr and +Zr. The arrow de-
notes the (p, n) threshold to the ground IAS.

It was of interest to study incident-channel
charge-exchange effects on odd-A targets, with
the (p, d) reaction going to collective states 9'Mo.
was selected, with the (p, d) threshold to the IAS
at a lab energy of 12.39 MeV. Figure 10 shows
the excitation functions for the (p, d) reaction to
the "Mo ground state (d,}, the 2' first excited
state at 0.87 MeV (d, ), and the 2', 4' doublet at
1.57 MeV (d,). The (P, d, ) excitation function ex-
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hibits a substantially broad unsymmetric minimum
centered at the (p, n} threshold .The result is the
same as that observed by Heffner et al."for ~Mo-
(d, P)"Mo(g.s.}, as would be expected from time-
reversal invariance. The data for "Mo(d, P) are
shown on this figure as a dashed line normalized
to the (p, d, ) data. The ratio of the two cross sec-
tions is equal to that expected from detailed bal-
ance. The (P, d, ) and (p, d, ) curves show no appar-
ent anomalies at this energy. The proton elastic
scattering excitation function is smooth over this
energy region; the inelastic scattering excitation
function (to the first excited state) does show
small fluctuations near threshold as seen in ~Zr
and Mo

The (p, d,} reaction on "Zr was also studied with
results similar to those already reported' ' "for
the 'Zr(d, P) reaction. Weak fluctuations exhibit-
ing the shape of a double dip are observed (Fig. 11).
In work on nuclei in the region of the s-wave neu-
tron strength function, the 'toCe(p, d) reaction
yielded no positive results. This was also true
for the (d, p) reaction on "'Ce,"where Q =3.21
MeV and —,'A~ =4.78 MeV.

IV. DISCUSSION

A. Comparison of Present Results

The similarity of shapes observed in the (P, d, )
excitation functions in the vicinity of the (P, n}
threshold is shown in Fig. 12, where the data for
"Mo (165 and 125'), '"Mo, and Zr are displayed
with their (p, n) thresholds aligned. Structure is
evident in all these curves before and on the
threshold, although the shape is not identical in
every case. (It should be stated that evidence for
the fluctuations, or anomalies, being nonstatisti-
cal in origin, is tentative in some cases studied
and depends strongly on the feature of their simi-
larities in shapes. )

The occurrence of these anomalous effects is
attributed to isospin coupling in the incident chan-
nel because of the similarity of their shapes at
different angles (and for different targets) and for
the presence of fluctuations at excited IAS thresh-
olds (or nonanalogous anomalies) for "Mo, also
with a shape similar to that of the ground-state
anomaly. The proton elastic scattering excitation
functions for ' '~Mo and 'Zr are smooth in the
vicinity of the (P, n} threshold, while the inelastic
scattering curves do show broad fluctuations
around this energy region, although not directly
correlated with those dips observed in the (p, d)
curves. In the case of ~Zr+P, narrow fluctua-
tions in both the proton elastic and inelastic scat-
tering excitation functions led Michelman, Bonner,
and Kulleck to conclude that IAS resonance behav-
ior in the proton channel was responsible for the
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double dip observed in the (p, d, ) curve. The
above results do not support this conclusion in the
present experiments.

26-

24-

22-

Zr(p, do)
l65o

Mo(p, d,)
y l65

~ ~
C

Xl

20-

20-

4
4

Mo{p do)

04

Mo{p,do)
o (25

000 0 0

000 0

o005- 0 ~
'~ ~ ~ ee

00
~ oeoe+oo

20
'

I

-0.6 —0.4 -0.2

lk
Threshold

I I

0 +02
Ep-Eth (MeV)

Mo(p, do)
i65

I I

+0.4 +0.6

FIG. 12. Comparison of portions of {p,do) excitation
functions on ' Mo and +Zr with their {p,n) thresholds
aligned.

B. Comparison of (p, d) and {d,p) Anomalies

The anomalies observed in the (d, p) and (p, d)
excitation functions appear to follow a ( Q ~

~ —,'4c
trend. One might also classify the anomalies
through the energy of the unbound proton in the
IAS. Equation (1) shows that the size of the ex-
change term is proportional to the overlap of the
distorted neutron wave X„' ' and that of the unbound

proton in the IAS, (Ij}~. For an energy higher in the
potential well for the proton, f~ will have a larger
tail outside the nuclear radius past the Coulomb
barrier, and therefore will increase the exchange
term. Table I shows values for E~, the proton de-
cay energy from the IAS. This energy is given
(for 'Nb") by

E =d, ( 'Zr-) —B„("Zr).
It appears that EJ; is an important quantity to

know in understanding the trends of the anomalies.
For the work on "Zr(d, p), " it was observed that
the anomaly was strongest for stripping to the sec-

ond excited 4' state at 1.49 MeV and much weaker
to the ground and first excited state. This anom-
aly occurred at a deuteron energy of about 7 MeV
and its shape was almost identical to that seen in
~Zr(d, p)"Zr(d„, }. Moore concluded that the char-
acteristics of the anomaly appear to be indepen-
dent of the structure of the final state. This is
consistent with the distorted-wave Born approxi-
mation where the structure of the final state en-
ters only through the spectroscopic factor. An
important point here is that E&("Nb"(d„,)) = 4. 10
and E&(9'Nb "(4+})=4.69 MeV. For the lower excit-
ed states in "Zr, this energy is less (see Table I).
The origin of differences between the single dips
observed in the (d, p) excitation functions near the
(d, n) threshold and the structure of the (p, d) exci-
tation functions near the (p, n) threshold seems to
be found in the values of E; (see Table II). For
"Mo(d, p), E& 4.83 Me——V while for "Mo(p, d), E~
=3.53 MeV. Consequently, for the (p, d) reactions
considered, one would expect to find only small ef-
fects in the excitation function because of isospin
coupling. The strength of any charge-exchange
anomaly is proportional to the interference term
found in the square of the matrix element of Eq.
(1). In both the (d, P) and (P, d) cases only a few
partial waves enter in the deuteron channel as the
energies are near the Coulomb barrier. The effect
of the resonant /=1 neutron wave is thus enhanced
in these situations. Comparing the (p, d) results,
one finds trends with the value of E~ for the differ-
ent isotopes. For "Mo, E~= 3.53 MeV, while for
"Zr, E~=3.14 MeV (the very tenuous case). For
"Mo, E~ =4.83 MeV, considerably larger than for
the even isotopes.

C. Recent Calculations

Lane has recently undertaken a study of the
charge-exchange anomalies, "using elementary
physical arguments. The assumption that the anoin-
alies result from the occurrence of a single-parti-
cle p-wave state at zero energy and the interplay
of this with the threshold leads to an expression
for the S matrix which involves a background term
that includes all proton partial waves other than
l = 1, and two resonance terms arising from the
p-wave neutron state, split into its two spin-orbit
components for j= —,

' and —,'. The features of the
anomalies are reproduced quite well for the single-
minimum (d, p) dips; the double&ip shape of ' Mo-
(p, d, ) is reproduced by allowing a variation in the
strength and separation of the two spin-orbit am-
plitudes.

Lane also shows that the size and shape of the
anomalies can be classified accurately by the Q
value. This is closely related to our E; in the
mass-90 region. Generalizing Eq. (2), for (p, n)
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Q(p, d) = B„(D)—B„(A,Z),
= B„(D)—nc(A, Z) +Eq, (4)

where the deuteron binding energy B„(D) is a con-
stant and d,c, which is proportional to Z/A'", is
nearly constant over the region of interest.

V. CONCLUSION

Differential cross sections were measured at
backward angles for proton-induced reactions on

Mo and '' Zr at energies in the vicinity of
the (p, n) threshold to the IAS. The effects of
charge exchange in the incident channel were ob-
served, at least weakly, in all cases, the evidence
being in the anomalous behavior of the (p, d) exci-

charge exchange on a mass-A charge-Z target fol-
lowed by p decay of the IAS, we have

Ep =Ac(A, Z) —B„(A,Z).
The Q value for (p, d) on the same target is

tation functions near this threshold. The shapes
of the anomalies were similar in most all cases.
For 'Mo(P, d}, anomalous behavior in the excita-
tion functions for several outgoing deuteron chan-
nels was observed at the (p, n} threshold to the
IAS, and evidence for the same behavior was also
found at the quasi-inelastic threshold to collective
states. Structure was also observed at the (p, n)
threshold for (p, p') scattering to the first excited
state, although not in the proton elastic scattering.
These effects are attributed to isospin coupling in
the entrance channel, being observed as anoma-
lies in the excitation functions in this mass region
due to the resonating I,=1 neutron partial wave.
Such effects have previously been described, at
least qualitatively for the cases studied, by either
including a resonance term in the S matrix that
involves two terms arising from the P-wave neu-
tron state or by using a coupled-channel calcula-
tion with a reformulated matrix element that
arises from the inclusion of the charge-exchange
term t ~ v.
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